Formulation development involves various systematic approaches to ensure safety, efficacy and stability of the final dosage form. Every formulation scientist would prefer to encounter stability issues during the early stages of formulation development. Therefore, a well-designed compatibility study is an important step during the early stages of formulation development.
In situ forming intragastric controlled-release formulation is a new technology in the field of oral controlled-release delivery systems. The objective of this study was to develop formulations that can control drug release up to 24 hours. In addition, a combination of appropriate polymers and solvents was selected that could form a drug loaded gel at the process temperature of 60-70°C, which gel could turn into a rigid mass upon exposure to dissolution fluid at body temperature. The drug release mechanism from this rigid mass was controlled by different formulation factors such as different polymer grades, polymer concentrations, hydrophobicity or hydrophilicity of solvents, different drug loadings, and physicochemical properties of additional excipients. After evaluating different formulation factors, Ethocel 10 FP and triethyl citrate were selected for further studies using hydrochlorothiazide as a model drug. Polynomial correlation between viscosity of the blank gel and drug release profile was also obtained.
Keywords: physical compatibility, hydrochlorothiazide, polymer grade, drug loaded gel, polymer concentration viscosity filled masses is necessary analysis, while the physicomechanical and physicochemical properties of gelatin in the presence of heat, water and stress (1) (2) (3) . Gelatin capsules are not compatible with excipients containing an aldehyde group, reducing sugars, ascorbic acids, peroxides, etc. (4, 5) . Therefore, a compatibility study of gelatin capsules and excipients used to formulate the ISFIFs is critical during the formulation development process.
After selecting the excipients compatible with the hard gelatin shell, subsequent steps are to select suitable materials that can form ISFIFs and to study the different formulation factors affecting drug release from the ISFIFs. Physicochemical properties of different polymers and the interactions polymer-solvent, polymer-water, and solvent--water play a critical role in forming the rigid mass. The mechanism of drug release from this rigid mass is controlled by different formulation factors such as polymer type, grade, and concentration, hydrophobicity or hydrophilicity of solvent, different drug loadings, physicochemical properties of the drug, and physicochemical properties of additional excipients added to the formulation (6) .
Therefore, the objectives of this study were to: perform a preliminary study to ascertain the physical compatibility of different solvents with hard gelatin capsules, and to screen out highly incompatible solvents; select a combination of an appropriate polymer and solvents that can formulate in situ forming intragastric controlled-release formulations; investigate different formulation variables affecting the release of hydrochlorothiazide from the in situ forming intragastric controlled-release formulations (ISFIFs); and elucidate the mechanism of drug release from these controlled release formulations through water penetration studies.
EXPERIMENTAL

Materials
Different controlled-release hydrophobic polymers, namely, Ethocel (Ethocel Standard FP Premium grade with Ethoxyl content of 48-49.5 %, Dow Chemical Company, USA), Eudragit RS PO (Degussa Rohm Pharma Polymers, USA), Carbopol 971P (Noveon, USA), cellulose acetate (Astron Ltd, India), and Kollidon SR (BASF Corporation, USA) were used in the study. Three different grades of ethyl cellulose were used. They were Ethocel 7 FP with particle size of 9 mm, Ethocel 10 FP with particle size of 6 mm, and Ethocel 100 FP with particle size of 48 mm.
Eight different solvents, namely, triethyl citrate (TEC), acetyltriethyl citrate (ATEC), tributyl citrate (TBC), acetyltributyl citrate (ATBC), diethyl phthalate, ethyl benzoate, benzyl alcohol and polyethylene glycol (PEG), were purchased from Astron Ltd, India. Sodium bromide was used to prepare the stability chamber with 65 % RH. Hard gelatin capsules were obtained from (Capsugel Peapack, USA) and was a gift of Torrent research center India. Hydrochlorothiazide was used as a model drug.
Methods
Compatibility study. -Hard gelatin capsules, size 00, were filled with different solvents. Filled and sealed capsules were carefully put into scintillation vials and stored under the following different conditions: process temperature of 60°C in an oven for 1 hour, room temperature, 25°C/60 % RH, in a desiccator with saturated sodium bromide solution for one month, and accelerated condition, 40°C, in an oven for one month. Visual inspections of filled and sealed capsules were conducted periodically to check for any physical damage, discoloration, and/or sweating of capsules.
Selection of polymers and solvents. -Preliminary screening was performed by mixing different types and grades of controlled-release polymers with two different solvents such as TEC and ATEC at 60 to 70°C to see if the combinations of polymers and solvents would form blank gels. Initial formulations were prepared with two different types of controlled-release polymers, namely, Ethocel and Eudragit RS PO. Three different solvents, TEC, ATEC and TBC, were used. Appropriate amounts of the polymer and solvent were mixed and heated up to 70°C with stirring. The polymer was dissolved in the solvent and formed a blank gel. Hydrochlorothiazide was added to the blank gel with continuous stirring. The resultant solid dispersion was poured into a hard gelatin capsule (7). The formulation that dissipated inside the dissolution medium was considered a »failure« and the formulation that formed a solid mass inside the dissolution medium was considered »passed«.
Determination of drug release from gels. -Drug release from selected formulations was evaluated in triplicate using the USP Apparatus II at 50 rpm (8) (9) (10) . HCl (0.1 mol L -1 , 900 mL) at 37 ± 0.5°C was used as the dissolution medium. Hydrochlorothiazide concentration in the withdrawn samples was determined using a double beam UV-spectrophotometer (Shimadzu, Japan) at 271 nm. The cumulative percentages of hydrochlorothiazide dissolved over time were calculated and plotted.
Different formulation factors. -In situ forming intragastric controlled-release formulations were prepared with five different concentrations of three different grades of a controlled-release polymer, namely, ethylcellulose (Ethocel 7 FP, 10 FP and 100 FP), and two different solvents, TEC and ATEC. A total of 30 different formulations were prepared using a full factorial (3´2´5) design (Table I) .
Viscosity. -Viscosity of blank gels was measured at 37°C (body temperature) and 10 rpm paddle speed (10), using a Brookfield 2.5 HBDV III cone and cup viscometer (Brookfield Engineering Company, Inc., USA) (11) . The data was fitted in different mathematical models, i.e. Bingham Plastic, Casson, IPC (Interconnecting and Packging Electronic Circuits) paste and power law to see which model was the best fit for the data.
Based on the confidence of fit values, the IPC paste model was selected as the best-fit model. The IPC paste model is a commonly used model for measuring the viscosity of solder in electronics and plumbing industry. The IPC paste equation is as shown below:
where h stands for viscosity (Pa s), k is a consistency multiplier, R is rotational speed in rpm, and n is a shear sensitivity factor. The paste equation is used to calculate the model parameters, namely, the shear sensitivity factor and gel viscosity (h).
Drug dissolution profile similarity. -Similarity between drug dissolution profiles was compared using f2, values. The similarity factor, f2, determines the closeness of two dissolution profiles using following equation (12) 
where f2 is the similarity factor, R t is the cumulative percentage dissolved at each of the selected time points (n) of the reference product, and T t is the cumulative percentage dissolved at each of the selected time points of the test product. Two identical profiles have the f2 value of 100. If there is a 10 % difference between two dissolution profiles, then the f2 value is 50. According to the FDA guidelines (13) , values between 50 and 100 show similarities between two profiles, thus indicating that there is less than 10 % difference between the two dissolution profiles.
RESULTS AND DISCUSSION
Compatibility study
Benzyl alcohol, PEG 400 and ethyl benzoate were incompatible with the hard gelatin capsules. These solvents were either deforming the capsule shell or leaking within 24 hours at room temperature. All the remaining solvents (TEC, ATEC, TBC and ATBC) showed compatibility with the hard gelatin capsule at the process temperature of 60°C. Ethyl benzoate was sweating from the capsules at room temperature, 25°C/60 % RH. The possible reasons for these observations are as follows: the solvents changed the moisture content of the gelatin capsules and/or hydrophilic solvents partially dissolved the gelatin shell, resulting in leaking and/or sweating. PEG 400 filled in a hard gelatin capsule changed color under the accelerated condition of 40°C. This was due to the fact that PEG 400 degrades to peroxides and formaldehyde (14) .
Selection of polymers and solvents
Preliminary screening studies showed that Ethocel, Eudragit RS PO and cellulose acetate butyrate formed gels with TEC and ATEC, but Carbopol, cellulose acetate and Kollidon SR did not. Hence, Ethocel and Eudragit RS PO were selected for further studies.
The initial formulations prepared with Ethocel 10FP and TEC formed solid masses that did not dissipate inside the dissolution media. However, the formulations prepared with Ethocel 10FP and TBC did not form solid masses and hence dissipated and accelerated the drug release from the gel by dumping the drug inside the dissolution medium. This phenomenon can be explained as follows. The solubility of TEC in water is 5.5 g per 100 mL while the solubility of TBC in water is less than 0.1 g per 100 mL. Therefore, the hydrophilic solvent (TEC) leached out faster from the formulation than the hydrophobic solvent (TBC), causing the polymers to precipitate and form a hard shell or a rigid mass. This hard shell controlled the drug release.
Formation of a solid mass was related to the type of polymer. Eudragit RS PO is a swellable, water insoluble polymer. Therefore, formulations prepared with Eudragit RS PO gelled and formed a loose swollen polymer structure (instead of forming rigid mass) in the dissolution media. This loose swelled polymer dissipated and hence dumped the 77 drug inside the dissolution medium. Based on the results of preliminary compatibility studies and the initial formulation screening study, the controlled-release polymer Ethocel and solvents TEC and ATEC were selected for further studies.
Different formulation factors and polymer concentrations
Gel formulations prepared with 5 % of Ethocel 7 FP and Ethocel 10 FP, and 10 % of Ethocel 7 FP were liquid, and hence dissipated in the dissolution medium (Table I) . As a result, drug release from these formulations was rapid (data not shown). Gel formulations prepared with 25 % Ethocel 10 FP, and 20 % and 25 % Ethocel 100 FP were too viscous to be filled into capsules. Therefore, the working ranges of different grades of Ethocel were found to be: 10 to 20 % Ethocel 10 FP, 15 to 25 % Ethocel 7 FP, and 5 to 15 % Ethocel 100 FP ( Table I) .
The percentage of drug release was directly related to the concentration of the polymer used to prepare gel formulations. The drug release rate decreased significantly (p < 0.05) as the concentration of Ethocel 10 FP in the blank gel increased from 10 to 20 % (Fig. 1a) . As shown in Fig. 1a , the entire drug (100 %) was released from the formulation prepared with 10 % polymer after 24 hours, whereas only 72 and 31 % of the drug was released from formulations prepared with 15 and 20 % polymer, respectively, in 24 hours. However, there was no difference between drug release profiles of formulations prepared with 20 and 25 % Ethocel 7 FP and ATEC, in which only 12 % drug was released in 24 hours (Fig. 1b) . Hence, when the polymer concentration increased to 20 % Ethocel 7 FP and above, it considerably prevented penetration of the dissolution medium inside the solid mass. Therefore, only the drug present in the outer layers of the solid mass was released from this formulation in 24 hours. Similar results were obtained from formulations prepared with 10 and 15 % of Ethocel 100 FP and ATEC, respectively (Fig. 1c) . 
Effect of viscosity
The viscosity of blank gels increased as the Ethocel concentration in the formulation increased. There was a direct correlation between the polymer concentration and viscosity of blank gels, while there was an inverse correlation between the viscosity of the formulations and temperature. As the polymer concentration increased, the intermolecular interactions among ethylcellulose molecules and between ethylcellulose and solvent molecules increased, thus forming a strong rigid mass. Viscosity values were higher for the formulations prepared with ATEC compared to those prepared with TEC. Stronger interactions existed between ethylcellulose and ATEC molecules compared to ethylcellulose and TEC molecules as shown by measuring the glass transition temperatures (T g ) of blends of ethylcellulose and either TEC or ATEC. The T g of ethylcellulose plasticized with ATEC was approximately 38-40°C, whereas the T g of ethylcellulose plasticized with TEC was 32-34°C. The lower the T g value, the stronger the interaction between the polymer and solvent.
The data of shear stress and rate of shear was best fitted in the IPC paste model. Table II shows the model parameters such as shear sensitivity, confidence of fit, drug release rates with their correlation coefficients and viscosity values at 10 rpm for all the formulations at 37°C. Shear sensitivity of the gels increased from 0.06 to 0.21 as the polymer concentration increased from 10 to 20 %. Shear sensitivity was also higher with the formulations prepared with ATEC compared to those prepared with TEC. 
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Effect of different types of solvents
Solubility of plasticizers in the dissolution media affected the drug release as well. The drug release rate was slower from formulations containing ATEC compared to those containing TEC. For example, 30 % of the drug was released in 24 hours from the formulation prepared with 15 % Ethocel 10 FP and 85 % ATEC, whereas 85 % of the drug was released from the formulation prepared with 15 % Ethocel 10 FP and 85 % TEC within 24 hours (Fig. 2) . Alternatively, the hydrophilic solvent, TEC, leached out faster from the formulation and created pores and channels through which water penetrated quickly inside the formulation and caused rapid drug release. However, the hydrophobic solvent, ATEC, leached out slowly from the formulation and did not form pores and channels for the drug to be released.
Effect of different polymer grades
The drug release rate decreased as the viscosity grade of the polymer increased from 7 FP to 100 FP. Fig. 3 . shows the drug release profiles related to different viscosity grades. There was no significant difference in drug release profiles of formulations prepared with Ethocel 7 FP and 10 FP grades with similar polymer concentrations. The f2 value of dissolution profiles of formulations containing 15 % Ethocel 7 FP and 15 % Ethocel 10 FP was 64.04. The slowest drug release rates were obtained with Ethocel 100 FP. Approximately 72 % of the drug was released from the formulation containing 15 % Ethocel 10 FP and TEC, whereas only 14 % of the drug was released from the formulation containing 15 % Ethocel 100 FP and TEC, within 24 hours. A polymer with a high viscosity grade has a higher number of monomers, and as a result has longer chains compared to those of a low viscosity grade polymer. As the viscosity grade increased from 0.01 (Ethocel 10 FP) to 0.1 Pa s (Ethcoel 100 FP), the number of monomers present in the polymer increased 10 times. Expectedly, the formulations prepared with higher viscosity ranges formed a stiffer mass with fewer pores and channels upon exposure to the dissolution medium, and thus retarded the drug release.
CONCLUSIONS
In situ forming novel intragastric controlled-release formulations could be prepared with different grades of ethylcellulose and different solvents such as TEC and ATEC. Hydrophobic solvents such as TBC and water swellable polymers like Eudragit RS PO may not be suitable for preparation of ISFIFs. As the Ethocel concentration in the formulations increased, the drug release rate decreased. Aqueous solubility of solvents affected the drug release as well. For example, formulations prepared with the hydrophilic solvent TEC (a solvent with an aqueous solubility of 5.5 %) showed faster drug release than those prepared with the hydrophobic solvent ATEC (a solvent with an aqueous solubility of 0.7 %). As the polymer molecular mass or viscosity grade of the polymer used to prepare ISFIFs increased, the drug release decreased. The higher the viscosity of the blank gel, the lower the drug release rate of the resultant formulation. Formulations with Ethocel 100 FP slowed slower drug release compared to formulations prepared with Ethocel 7 FP and Ethocel 10 FP. There was no significant difference in drug release characteristics between formulations prepared with Ethocel 7 FP and Ethocel 10 FP.
